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RÉSUMÉ
Une série de polymères semi flexibles greffés dans lesquels la partie hydrophobe est
distnbuée d’une façon statistique le long de l’unité de Ï’anhydroglucose- a été
synthétisée à partir de l’hydroxypropyl cellulose (HPC), du polyoxyéthylène (10)
cétyl éther (POEï0-Ci6; Brij-56®), du polyoxyéthylène (20) cétyl éther (POE20-C16;
Brij-58®) et du polyoxyéthylène (20) stéaryle éther (POE20-Cig; Brij-78®). Les
caractérisations physiques et chimiques des polymères modifiés hydrophobiquement
sont décrites. La spectroscopie RMN du proton a été utilisée pour déterminer la
quantité de Bnj conjugué avec les polymères hydrophiles.
Ce type de polymères comportant une partie hydrophile et une partie hydrophobe
peut former des micelles, ceci étant dû à leur caractère amphiphule. Ainsi la partie
hydrophobe forme le coeur de la micelle et la partie hydrophile entourant ce coeur lui
permet de s’hydrater en milieu hydrophile. Ce système permet à la miceLle de
transporter et de délivrer des médicaments pauvrement solubles dans l’eau. Tant que
le coeur hydrophobe peut servir comme micro réservoir pour le médicament, ce
dernier sera séparé du milieu par les parties hydrophiles de la micelle. La
spectroscopie par fluorescence et la technique de la diffusion de la lumière ont permis
la détermination de la dimension des agrégats des micelles polymériques en milieu
aqueux. Le fait que les micelles polyménques soient solubles dans l’eau nous a
permis d’étudier, avec succès, par DSC (microcalorimétrie thermique différentielle)
les propriétés en solution de ces polymères hydrophobiquement modifiés, ainsi que
de déterminer leur point de turbidité en fonction du taux de Brij. Du fait que l’HPC
poile des groupements fonctionnels, elle pourrait avoir différentes applications dans
les domaines biomédicaux comme la libération des médicaments, les diagnostics et la
modification des surfaces à travers le couplage des substances bioactives.
Mots clés: HPC, Polysacchandes, micelles polyménques, polymères-HM, libération
des médicaments, spectroscopie, diffusion de la lumière, calorimétrie.
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ABSTRACT
A series of grafted semiflexible polymers, in which the hydrophobic side chains were
located randomly along the anhydroglucose unit, were synthesized by reacting
Hydroxypropyl cellulose (HPC) with polyoxyethylene (10) cetyl ether (P0E10-C16;
Brij-56®), polyoxyethylene (20) cetyl ether (POE20-C16; Brij-5$®) and
polyoxyethylene (20) stearyl ether (POE20-C18; Brij-78®). The physical and chemical
characterization of Hydrophobically Modified (HIvI) - Polymers is described. 1H-
NMR spectroscopy was used for a quantitative determination of the level of Brij®
conjugation onto water-soluble polymers. Such systems composed of hydrophilic and
hydrophobic segments can form a micellar structure as a resuit of their amphiphilic
character. The hydrophobic segment forms the hydrophobïc core of the micelle, and
the hydrophilic segment surrounds this core as a hydrated outer shell. This core-sheil
structure provides polymenc micelles with the potential for use as vehicles for drug
delivery, since the hydrophobic core may serve as a microreservoir for drugs, which
are segregated from the outer environment by hydrophilic segments. Considerable
discussions are made on the physicochemical characteristic of polymeric micelles
and dimension of the aggregates in aqueous milieu by Fluorescence spectroscopy and
Dynamic Light Scattenng techniques. One of the favourable characteristics of
polymenc micelles is the water-solubility: Differential Scanning Calonmetry (DSC)
was successfully employed to study the solution properties of the HIVI-polymers to
determine their cÏoud points and elucidate the effects of Brij® content. Functionalized
HPC is expected to have a wide utility in biomedical applications such as drLlg
delivery, diagnosis, and surface modification through the coupling of bioactive
substances
Keywords: HPC, Polysaccharides, Polymeric micelles, HM-polymers, Drug deÏivery,
Spectroscopy, Dynamic light scattering, Calorimetry.
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ÏCHAPTER 1
Introduction
With the rapid progress of biotechnology, peptide drugs have become important
therapeutic agents. A wide variety of peptides have been used as drugs, including
hormones, synthetic peptides, enzymes substrates, and inhibitors1. Although they are
highly potent and specific in their physiological functions, most peptides are difficuit
to administer orally because of their unique physicochemical propeiÏies. These
include large molecular weight, poor solubility in aqueous media, short plasma haif
life, requirement for unique mechanisms for membrane transport, and susceptibility
to enzymatic breakdown2. Many different approaches have been used to improve the
oral absorption and enhance the bioavailability of peptide drugs. In recent years,
enhanced bioavailability after oral administration has been observed upon entrapping
the drug in a wide variety of polymer particulate carriers which protect the active
molecules against inactivation by the host and control drctg release in body fluids,
eg., blood, lymph and digestive juice3.
Microspheres4’5 and liposomes67 have been devised as delivery systems for the
controlled release of vaccines, cytostatics and insulin with speciaÏ attention to
achieving long circulation in the blood stream, and avoiding the RES
(reticuloendothelial system) scavenging mechanism. However, the
reticuloendothelial system (mainly liver and spleen) actively removes a great
majonty of these spheres when they are injected. Due to this scavenging, effective
delivery of microspheres to organs other than those of the RES is often difficult to
achieve.
Thus, several problems, such as biodistribution of drugs, drug solubility, undesirable
side effects, rapid clearance by the RES, thermal instability, structurally fragile and
low-loading efficiency stiil exist8. New technologies for the preparation of nanosized
biodegradable polymenc particles are still required for providing more effective and
selective drug delivery systems9’4
71.1 Polymeric Micelles
Graft and block copolymers under selective solvent conditions (good solvent for one
block and non-solvent for the other block) adopt various organized structures known
as “polymeric micelles”521. Micelles formed by block or graft copolymers belong to
the family of colloidal systems.
Polymer micelles have been the subject of growing scientific and ïndustrial interest
for their potential biomedical and pharmaceutical applications, such as drcig
delivery’8’2231, diagnostics32, separation technology33, as well as electronics and
optical technologies34’35. In particular, in the field of drug delivery, extensive studies
have been carried out by many research groups, proposing to use polymer micelles as
a novel carrier system for hydrophobic drugs. Many kinds of polymers that form
various aggregates in water have been used for this purpose3640.
Polyrnenc micelles result from the association of amphiphilic polymers in water.
They are in a mesoscopic size range (several tens of nanometers to 100 nanometers)
having a characteristic core-sheli architecture, in which the solvophilic segments of
the copolymer form an outer sheli surrounding the inner core composed of
solvophobic segments4144. The core may be utilized as a reservoir of solvophobic
compounds which are segregated from the outer environment. This hydrophobic
environment possesses potential uses, for example it suppresses the inactivation of
drugs molecules by decreasing contact with inactivating species in the aqueous phase
(e.g. water, specific enzymes), and it controls the drug release by micelle stability and
micelle-core hydrophobicity45. The outer shell is responsible for the interaction with
biocomponents such as proteins and cells, which may determine the pharmacokinetic
behaviour and the biodistribution of drugs. Thus, in vivo delivery of drugs may be
controlled by the outer-sheli segment independently of the inner core of the micelle,
which expresses pharmacological activities.
By utilizing polymeric micelles, a unique delivery system may be constructed.
Independently of drugs bound to the inner core, factors determining the
3pharmacokinetic behaviour and biodistribution of polymeric micelles are the
chemical charactehstics of the outer sheli, the water solubility and stability of the
micelles.
Because a large number of drugs have a hydrophobic character, a concept very
simple and fascinating was to coupling the drug with the carrier in order to deliver
the drug by a carrier that had a specific affinity to the organs, tissues, and ceils. But
conjugation of the drug with a polymer easily leads to precipitation because of the
high and localized concentration of the hydrophobic drug molecules bound along the
polymer chains. Thus, polymeric micelles were developed with a core-sheli structure,
which may maïntain their water solubility by inhibiting intermicellar aggregation of
the hydrophobic cores, irrespective of high hydrophobicity of the inner cores.
Furthermore, since interactions among the hydrophobie segments are the driving
force in the formation of micelles, the strength of that interaction determines their
stability. Compared to low-molecular weight surfactant micelles, polymenc micelles
are generally more stable because they self-assembly at much lower concentration,
and show slower dissociation which allows longer retention of loaded drugs and
higher drug accumulation at the target site22’46.
The use of polymenc micelles as oral delivery carriers systems has two specific
advantages: the first is their size, with diameters in the range of approximately 10-
100 nm, which is considered appropriate for evading renal excretion and non-specific
capture by the RES. The second advantage includes the protection of the incorporated
drug from the aggressive conditions present in the gastrointestinal tract.
In summary, drugs with a hydrophobie character can be easily incorporated into the
inner core by physical entrapment475’ using experimental methods such as dialysis,
salting out process, or solvent evaporation method3. Physical entrapment utilizing
hydrophobie interaction can be applied to many ldnds of drugs, since most drugs
possess hydrophobie moiety(ies) in their chemical structure52. Some reported
advantages of these systems include reduced toxic side effects, solubilization of
4hydrophobic drugs, stable storage, bio-distribution, and lower interactions with
RES’6.
Based on these considerations, our hypothesis was to create an array of materials
with controllable, predictable charactenstics such as water solubility and abillty to
encapsulate or solubilize hydrophobic drugs. We expected that water solubility and
encapsulation ability would be determined by the ratio of hydrophobic, aikyl chains
located in the polymer core relative to the hydrophilic segments at the polymer sheil.
Since the structural design of the amphiphilic graft copolymer is key in determining
the stability of the micelles and their drug-releasing properties, modifying the
hydrophobic charactenstics of the copolymer may provide micelles with high
stability and the most desirable drug-releasing profile37;
1.2 HydrophobicalÏy Modified (HM)-Cellulose Ethers
Cellulose is a natural polymer and the chief component of wood and plant fibres.
Cotton, for example, is almost pure cellulose. Cellulose is a polysaccharide
composed of individual anhydroglucose (AHG) units which are held together by B
1,4 glycoside linkages which make cellulose a long rigid molecule.
Pure cellulose bas large crystalline regions due to hydrogen bonds between the -OH
groups on different chains (Figure 1.1).
w I
• I É
I b j
• j
t I _I fl j
—
,II t ou o
u o
I H0
I fl j, I t2 o t
II t
- n0 0H 0H H o U - U
- O
*4 0
H u o j
o H H u
Ii U H
O OH
HQH
H
Figtire 1.1. Cellulose hydrogen bonds keep adjacent chains together
In the manufacturing of cellulose ethers, purified cellulose is activated in a first step
with sodium hydroxide solution. In this aikalisation reaction, the structures of the
crystalline areas are expanded allowing the hydroxyl groups to be transformed into
alcoholate (this cellulose alcoholate is termed aikali cellulose). The strong attractive
forces between cellulose chains due to interchain hydrogen bonds will be greatly
reduced by alkylating the greater portion of the -OH groups, thereby preventing
hydrogen bonding. Such chemical modification results in significantly changed
charactenstics with regard to solubility, surface activity, chemical resistance and
enzyme resistance. In this way it is possible to produce sets of cellulose ethers with
carefully calculated performance characteristics. The properties of the cellulose ether
are determined by the type of substituents, and also by their number and distribution
along the molecule chain.
Cellulose ethers have a broad range of industrial applications. They are used as
additives in materials such as paints, inks, papers, cosmetics, pharmaceuticals, foods
and ceramics. Their solution properties are dictated mostly by the chemical structure
of the ether moiety and by the degree of substitution, e.g., the number of ether groups
per glucose unit, and to a lesser extent by the molecular weight of the polymer and by
the fabrication process58.
6Methylcellulose, hydroxypropylcellulose, and hydroxyalkylmethylcelÏulose, for
example, at modest concentrations are soluble in cold water. The incorporation of
low levels of hydrophobie modifiers (HM-polymers) on nonionic cellulose ethers
resuits in polymers having highly unusual solution properties. As reported in detail
from Landoll59, this behaviour is thought to be due to interchain association induced
by hydrophobie moieties, analogous to the aggregation of Iow-molecular-weight
amphiphatic species into mïce]les, but the resultïng aggregates are three-dimensïonai
polymer networks. As a consequence, he found that the associative tendency (i.e.
hydrophobie strength) of the modifying group governs both the viscosity and the
onset of association (CMCy’ in solution. Particularly it was found that the
concentration of hydrocarbon portion in solution, which depends on the size of the
long-chain alkyl group, is closely related to the CMC, suggesting that it represent a
cntical value for the onset of intermolecular association. Also Winnik et al.6°
demonstrated that the solution properties of HfVT-cellulose ethers can be explained in
terms of interchain polymer associations giving rise to aggregates, which influence
the phase behaviour of the polymer solution61’62.
1.3 Hydroxypropyl cellulose (HPC)
Nearly ail polymers, both natural and synthetic, are polydisperse in nature, and
cellulose is no exception. Depending on its source and processing, purified cellulose
may contain fragments varying in molecular weight from a few thousand to a few
million daltons. Usually the molecular size of cellulose and its derivatives is
expressed in terms of the degree of polymenzatïon (DP), the average number of
anhydroglucose monomer units in polymer chains. Cellulose derivatives, ethers or
esters, are formed by appropnate reaction with the three available hydroxyl groups on
each anhydroglucose unit; the extent of reaction is described as degree of substitution
“The critical aggregation concentration” or CAC is the concentration at which the interaction
between surfactant micelles and polymer chains starts. “The critical micellization concentration” or
CMC refers to a polymer-free surfactant solution. In our case surfactant and polymer are linked, thus
the two terms refer to as the concentration below which virtually no micelles exist and above which
almost ail additional copolymer goes into the micellar phase101
7(DS), the average number of the three hydroxyls which are substituted. The
substitution of such polymers is expressed in terms of the molar substitution (MS),
the average number of moles of reactant combined per mole of monorner units.
Whereas the maximum possible DS of a cellulose denvative is three, there is no
theoretical limit to the MS63.
Hydroxypropyl cellulose (HPC), Figure 1.2, is formed from a base-catalyzed reaction
of propylene oxide with “aikali cellulose”, whereby anionic nng-opening reaction
(oligomenzation) occurs with scission of the methylene-oxygen bond, the product is
ethenfied by a mixture of “oligo-propylene oxides” having vanous degrees of
polymerization64. The properties of HPC are severely influenced by the extent and
uniformity of substitution, and much less by the poÏydispersity of their molecular
weight distribution.
HPC is a nonionic semiflexible water-soluble polymer. Its characteristics were
reported primanly by the Hercules researchers around 197O6566; it is widely used as
an excipient in oral solid dosage fomis, in which it acts as a disintegrant67, and as a
binder in granulation68. Essentially a non-toxic and non-irritant polysaccharide69,
FIPC is recognized for its bioadhesive properties, and it is has been shown to promote
drug absorption70.
As most cellulose ethers, HPC precipitates from water upon heating. When an
aqueous solution is heated it suddenly becomes cloudy at a characteristic
temperature, referred to as the “cloud point” or lower cntical solution temperature
OH OH
CH2OCH2H-CH3 OCH2-CH-CH3
Figtire 1.2. Hydroxypropyl cellulose reported as an ideal structure with MS = 3
8(LCST). The phenomenon is reversible: upon cooling, the cloudy suspension
becomes clear at the same temperature61. It has been demonstrated that even a very
small level of substitution of hydrophobic groups affects the solubility of the polymer
in water.
For this study we prepare hydrophobically-modified HPC graft copolymers (RPC-g
POEiCm) of vanous compositions by attaching hexadecyl or octadecyl residues to the
hydrophilic HPC backbone via short POE linkers of different Iengths (Figure 1.3),
and we characterize them from a physicochemical point of view by fluorescence
spectroscopy, dynamic light scattering and microcalorimetry techniques.
R = hydrophobic nx)difier
HPC
[e.g. R = POEnCmI
Figure 1.3. Synthetic scheme
1.4 Polyoxyethylene alcohols (Brij®)
Nonionic suffactants containing POE chains as hydrophulic moieties (C1E) are well
known and have been widely used for decades. They have found applications in
many fields, such as cosmetics, pharmaceuticals, paints, and cleaning agents.
Moreover, they are routinely used for the solubilization of membrane proteins71.
These types of compounds are generally prepared commercially by the condensation
of ethylene oxide with fatty alcohols to yield a product in which the hydrophilic
portion has a Poisson distribution of chains lengths72. These commercial products
have been extensively studied7375; they show very nch phase behaviour in aqueous
solutions, including phases from isotropic micellar to various ordered liquid
crystalline ones. Their general structure is R(OCH2CH2)OH, where R is a long chain
aikyl group or mixture of aikyl groups (Figure 1.4).
—o
OR CH2OR
9n = 9; m = 13 P0E10C16 = Brij-56
n= 19;m= 13 P0E20C16=Brij-58
n = 19; m = 15 P0E20C18 = Brij-78
Figtire 1.4. Structures and commercial names of Alkylpolyoxyethylenes
POE(fl+l )C(m+3) Polyoxyethylene( 10) cetyl ether (Bnj ®-56), Polyoxyethylene(20)
cetyl ether (Brij®-58) and Polyoxyethylene(20) stearyl ether (Brij®-78).
Like HPC, the poly(ethyleneoxide) type nonionic surfactants possess a concentration
and structure-dependent lower critical solution temperature.
1.5 Cyclosporin A, (CsA), used as drug model
Cyclosporin A (CsA) is a poorly water-soluble nonpolar cyclic peptide (Figure 1.5)
comprising 11 aminoacids. It is produced from Tolypocladium inflatum Gams
(formerly designated as Trichoderma polysporum) and other fungi imperfecti76. It is
used clinically for immunomodulation, such as the prevention of xenograft rejection
following transplantation of lddney, liver, bone marrow and pancreas7981, and it also
applied in the treatment of patients with selected autoimmune diseases82. It inhibits
the T-cell receptor signal transduction pathway via the formation of cyclosporïn A
cyclophilin that inhibits calcineurin (protein phosphatase 2B)83. It inhibïts nïtric oxide
synthesis induced by interleukin la, lipopolysaccharides and TNFa. and can block
cytochrome c release from mitochondria. This drug has a great importance for
achieving successful resuits of organ transplantation, but it must be carefully
monitored due to the associated high risk of nephrotoxicity and hepatotoxicity
reported in lïterature84.
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Figure 1.5. Cyclosporin A (CsA); C62H111N11012; MW = 1202.6 1
CsA is usually administered by the oral route, but it is reported as a typical drug with
a non-regular absorption77’78. For this reason, this mode of administration presents
major problems related to highly variable and incomplete absorption from its
conventional oral formulation, leading to tremendous variation in drug
pharmacokinetics and, consequently, to an uncertain relation between drug dosage
and in vivo exposure8587. The absorption of CsA is determined by the biliary flow, by
intestinal integnty and motility, and by dietary intake8891, and its metabolism is
97directly related to the cytochrome P-450-ffl-A in the reticuloendoplasmic system
Due to such characteristics, drug absorption and bioavailability may vary
considerably in the same patient and from one patient to another.
It is weIl known that the absolute bioavailability of CsA is low due to the poor
absorption, which is related to the relatively high molecular weight, very high
lipophilicity°3 and poor solubility in aqueous fluids94; a recent study has
demonstrated that low bioavailability is due to the extensive CsA metabolism in the
gut wall9.
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1.6 Characterization Methods of HM-Celluloses
1.6.1 Fluorescence spectroscopy
Fluorescence spectroscopy is extensively used in physical chemistry and
biochemistry96. It is a valuable tool for the investigation of many micellar properties,
including micelle formation, micelle-unimer equilibrium, micelle structure as weII as
chain dynamics, and ldnetics of micelle formation and dissociation.
Luminescence is the emission of light from any substance and occurs from
electronically excited states. Luminescence is formally divided in two categories,
fluorescence and phosphorescence, depending on the nature of the excited state. For
fluorescence phenomena, in excited singlet states the electron in the excited orbital is
paired (of opposite spin) to the second electron in the ground-state orbital.
Consequently, retum to the ground state is spin-allowed and occurs rapidly by
emission of a photon.
Phosphorescence is emission of light from triplet excited states, in which the electron
in the excited orbital has the same spin orientation as the ground-state electron.
Transitions to the ground state are forbidden and the emission rates are siow.
A Jabloiiski diagram, Figure 1.6, illustrates the processes that occur between the
absorption and emission of light.
s2
si
nteystesystemcrossing
Fluorescence
0
Figure 1.6. One form ofJablotiski diagram
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The singlet ground, and first and second electronic states are depicted by So, S1, and
S2, respectively. At each of these electronic energy levels, the fluorophores
(fluorescent substances) can exist in a number of vibrational energy leveis, denoted
byO, 1, 2, etc.
The transitions between states are depicted as vertical unes to illustrate the
instantaneous nature of light absorption or emission. Transitions occur in about 1015
sec, a time too short for significant displacement of nuclei (Frank-Condon principie).
Following light absorption, several processes can occur. A fluorophore is usually
excited to some higher vibrational level of either S or 52. Molecules in condensed
phases rapidly relax to the lowest vibrational level of Si. This process is called
internai conversion and generally occurs in 1O2 sec or iess.
Since fluorescence lifetimes are typically near to iO sec, internal conversion is
generaiiy complete prior to emission. Hence, fluorescence emission generally results
from the thermally equilibrated excited state, that is, the lowest-energy vibrational
state Si.
Retum to ground state typically occurs to a higher excited vibrational ground-state
level, which then quickly (1OE12 sec) reaches thermal equilibrium. Molecuies in the S
state can also undergo a spin conversion to the first triplet state, T1. Emission from T1
is termed phosphorescence and is generally shifted to longer wavelengths (iower
energy) reiative to the fluorescence. Conversion of S to T1 is called intersystem
crossing. Transition from T1 to the singlet ground state is forbidden, and as a resuit,
rate constant for triplet emission is several orders of magnitude smaller than those for
fluorescence98.
In a fluorescence spectrum excitation vs emission (Figure 1.7), the fluorescence
intensity is plotted versus wavelength (nm).
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Figttre 1.7. Representative excitation and emission spectra
Since the polarity of the environment immediately suffounding a molecctle often
determines its basic properties, e.g. solubility or optical response, it is possible to use
fluorescence spectroscopy to detect the formation of the microenvironment within a
macroscopically homogeneous solution and to correlate changes in photophysical
parameters as a function of various stimuli to structural modifications within the self
assemblies. Fluorescence typically occurs from aromatic molecules; thus, pyrene and
other polycyclic aromatic hydrocarbons (PHA) are used extensively for probing local
polarity (Figure 1.8).
1-Pyrenesulfonate (1 -PyS)
Pyrene- I -carboxaldehyde (PCA)
1 -Methylpyrene
H
Profiavine (PF)
6-p-Toluidino-2-naphtalene-sulfonoc acid (TNS)
Figure 1.8. Common fluorescent and phosphorescent dyes
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Pyrene is by far the most frequently used dye in fluorescence studies, and its
spectroscopy is well documented99. It lias a long singlet lifetime; it readily forms
excimers and the vibronic hand structure of its emission is sensitive to the
environment; it is a strongly hydrophobic probe with low solubility (ca. 31OE7 M) in
water.
Pyrene shows significant fine structure (vibronic hands) in its monomer emission
spectrum. In the absence of any solvent interactions with the solute (either
individually or collectively), the relative intensities of these vibronic bands in the
fluorescence spectrum are govemed, as in a UV absorption spectrum, by the relative
positions of the potential energy surfaces of the excited singlet states relative to the
ground state singlet and by the Franck-Condon principle’°°. At low concentrations (<
1J06 M) in homogeneous solution, the ratio of the fluorescence intensity of the
highest energy vibration hand (I) to the fluorescence intensity of the third highest
energy vibrational hand (ifi) undergoes significant perturbation upon going from
polar to non-polar solvents’°’’°4 (Figure 1.9). The I peak, which arises from the (0,0)
transition from lowest excited electronic state, is a “symmetry-forbidden” transition
that can be enhanced by the distortion of the electron cloud. On the other hand, the
peak is forbidden and thus is relatively solvent-insensitive.
I
1m
Wavelenght (nn
1.6x1O
0.0.
400 450 500
Figure 1.9. Emission spectrum of pyrene in pure water at 25°C
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The fluorescence emission probe technique has rather microscopic and dynamic
character. It utilizes the information from fluorescence emission spectra of probes
incorporated into the polymer. The spectra are sensitive to the change in the
environment around the probes; i.e., the change of the conformation of the polymer
and the chain dynamics are reflected by the change in spectra. For example, in a plot
of copolymer concentration against the ratio from excitation spectra, the
phenomenon of miccilization is accompanied by an abrupt decrease in 11/11,1 (over haif
a magnitude of concentration). The concentration where this sharp transition occurs
is denoted as the critical micelle concentration.
1.6.2 Dynamic Light Scattering (DLS)
Following the pïoneering use of lasers and photon beating for the development of
dynamic light scattering about thirty years ago, there have been numerous studies
using light scattering techniques to investigate liquid dispersions in vanous research
fields. Light scattering is one of the most important ways to charactenze new
polymeric and colloidal materials’°5’°8. Using modem instrumentation, one can
readily obtain the weight average molecular weight and radius of gyration from total
intensity (static) light scattering, and the hydrodynamic (Stokes) radius from dynamic
light scattering that is a non-invasive technique109 for investigation of dynamic
processes by measuring the temporal fluctuations of the scattered light’10 In general,
the scatteming and the hydrodynamic behaviour are strongly nonlinear functions of
size, due to hydrodynamic interaction if the particles are composed of multiple
subunits, and intra-particle interference if they are comparable in size to the
wavelength of scattered light’
The general equation for the photoelectron count time coffelation function is”2
g2(r) =1+flg’(r)2 (1)
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where g’2(t) is a normalized second-order correlation function, is the opticai
constant of the instrument, and g1(T) is a normalized first-order colTelation function
and is given by formula (2). F is a characteristic une width. For spherical particies, f
is given by a function of the translationai diffusion coefficient DT provided that
internai motions are negligible as shown in formulas (3) and (4).
g(l) () = exp(—Fr) (2)
FrDq2 (3)
q=4nn0sin(I2)/%0 (4)
where O is the scattering angle, is the waveiength of the laser, n0 is the refractive
index of the solvent, and q is the magnitude of the scattering vector. In the low
concentration region, concentration dependence of the translation diffusion
coefficient DT can be expressed by a linear expression:
= R (1 + k1c) (5)
where D0 is the translation diffusion coefficient at infinite dilution, kd is the diffusion
second virai coefficient, and c is the concentration. The hydrodynamic diameter
(Stokes diameter) dh is given by the Stokes-Einstein equation:
= kBTI(3J»rDO) (6)
where kB is the Boltzman constant, T is the absolute temperature, and 1 the solvent
viscosity.
If there is a distribution in particle size, g°Qt) is expressed by the following equation:
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gm()
= G(f)exp(—f)dF (7)
where the G(F) is the distribution function of f. In the cumulant method,
autocolTelation functions are analyzed using an approximate equation
g(r) = exp[_fr + 2 ,22 (p /3!)3 +...] (8)
yielding an average characteristic une width (f) and a variance (polydispersity
index), i I12 . In the histogram method, estimation of the size distribution is caiiied
out by a correlation function profile of the histogram analysis software, and eq. (7) is
rep!aced by
gt1r)=G(F)exp(—f)Af (9)
and G(f) is detenumned using the Marquart non-linear !east-square routine. G(f),
which is a distribution function according to the ratio of light scattering by the
particles with f, is then converted into the particle size distribution G(d) using eqs.
(3) and (6). The distribution according to the weight ratio and the number ratio is
then determined from G(cf).
The dynamic light scattering instrument requires a high-power laser, typica!ly an
Argon gas laser, a temperature contro!led sample ce!!, a sensitive detector such as a
photomultip!ier tube, and a time correlator capable of recording intensity (or cuiTent)
from the photomultipler tube on an extremely short time scale (nanoseconds).
1.6.3 Microcalorimetry
Almost ai! physica! and chemical processes have an associated heat effect, and this
can be used as the basis of a number of analytical techniques as well as for the
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determination of absolute thermodynamic quantities. Differenti al scanning
calorimetry (DSC) is an experimental technique to measure the heat energy change
that takes place in a sample during controlled increase (or decrease) in temperature.
At the simplest level, it may be used to determine thermal transition (e.g. “melting”)
temperatures for samples in solution, solid, or mixed phases (e.g. suspensions). With
a sensitive apparatus and careful experimentation, it may be used to determine
absolute thermodynamic data for thermally-induced transitions of various kinds.
Formerly this was more the reaim of the dedicated specialist, but now with the ready
availability of sensitive, stable, user-fnendly DSC instruments, microcalorimetry bas
become part of the standard repertoire of methods available to the biophysical
chemist for the study of macromolecular conformation and interactions in solution at
reasonable concentrations. The advantages of calorimetric techniques arise because
they are based on direct measurements of inthnsic thermal properties of the samples,
and are usually non-invasive and require no chemical modifications or extnnsic
probes. Furthermore, with careful analysis and interpretation, calorimetric
experiments can directly provide fundamental thermodynamic information about the
processes involved.
A calonmeter measures the energetics (enthalpy changes) associated with processes
that occur, usually, during a linear heating temperature ramp. Measunng the heat
flow into (endothermic) or out of (exothermic) a material as it undergoes a phase
change yields a plot of temperature-dependent molar heat capacity, Cp.
One of the most fascinating properties exhibited by many water-soluble polymers is
reverse temperature-dependent phase behaviour. They form isotropic, one-phase
systems in water at or below room temperature, but when heated above a critical
temperature (often called the cloud point), they separate into two phases, as indicated
visually by a sudden transition from clear solutions to opaque suspensions. The phase
transition is reversible: cooling the suspension below the cloud point resuits in a
sudden clarification of the two-phase system”3.
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As mentioned earlier, hydroxypropyl cellulose in water exhibits this phenomenon.
Functionalization of HPC, e.g. by attaching hydrophobic groups, even at a small level
of substitution, affects the temperature at which the phase transition occurs114 In
general, the LCST of HM-HPC is lower than that recorded for a solution of HPC of
identical concentration (ca. 45°C for HPC 5.0 mglmL)”5; i.e. the LCST should
decrease with increasing hydrophobicity of the polymer’16”7.
1.6.4 Objectives
Many potent drug candidates fail in preclinical studies because of limited solubility,
stability and toxicity. Thus, a number of drug delivery systems have been developed
to overcome these transport problems. These include physical aggregates of
amphiphilic molecules, such as polymeric micelles.
Major charactenstics of these systems are a highly water-soluble core (hydrophobic)
sheil (hydrophilic) structure, high carrying capacity of hydrophobic drugs, prolonged
storage stability, low viscosity and low interaction with biological components. It is
well known that graft copolymers are able to form micelles by themselves in a
common good solvent. These phenomena obviously result from the amphiphilic
character of the compounds, which contain two groups or sequences greatly different
in their solubility behaviour in the same molecule. In aqueous media, formation of
hydrophobic regions is due to the hydrophobic interaction between the nonpolar
groups, while the sheli consists of a dense brush of the hydrophilic segments.
Polymeric micelles are an effective vehicle for the solubilization of hydrophobic
drugs: the drug can be covalently coupled to the grafted copolymer or physically
incorporated into the hydrophobic core of micelles. In contrast to micelles of small
surfactant molecules, polymeric micelles are generally more stable and can retain a
loaded drug for a longer penod of time.
This thesis focuses on the synthesis and physicochemical charactenzation of new
polymeric micelles, which offer potential as carrier systems for hydrophobic drugs
and other active molecules. The grafted-polymers were designed to ensure water
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solubility and promote hydrophobic associations by a balance between hydrophilic
group and hydrophobie moieties, by grafting hydroxypropyl cellulose with
hydrophobic hexadecyl and octadecyl residues (HPCPOEnCm). Hydroxypropyl
cellulose (HPC) was chosen to provide a hydrated steric barrier; POEnCm (n = 10/20
and m = 16/18) was chosen as hydrophobic segment, to both maintain the solubility
and promote hydrophobic association in water of the novel HM-polymers.
We expected the HM-polymers to form micelles in water solution, exhibiting a strong
tendency to self-associate via inter or intrapolymeric interactions of the hydrophobic
side chains when the concentration of the amphiphilic graft copolymer is above the
critical micelle concentration. We studied aggregation processes of graft-copolymers
in dilute solution with fluorescence emission and excitation probe techniques and
with microcalorimetry, while the size of these grafted-copolymer micelles was
determined by dynamic light scattenng.
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CHAPTER 2
2.1 Experimental Section
2.1.1. Materials
Hydroxypropyl cellulose (HPC) with an average molecular weight M of ca. $0,000
and a MS of 3.7 was purchased from Aldrich Chemical Co. Polyoxyethylene (10)
cetyl ether (POE10-C16; Brij-56®), polyoxyethylene (20) cetyl ether (POE20-C16; Brij
5$®) and polyoxyethylene (20) stearyl ether (POE20-C1g; Brij-7$®) and
trimethylamine hydrochioride were purchased from Aldnch Chemical Co. and were
dried to constant weight under reduced pressure over P205 before use. Triethylamine
(TEA) and methylene chloride (from Aldrich) were dned over sodium hydride
(NaH). p-toluenesulfonyl chloride (Aldrich) was used as received. Spectral grade
solvents were used. HC1 was purchased from Merck KGaA. Sodium hydride (NaH)
for the synthesis was purchased as a 60 wt % dispersion in mineral ou (Aldnch). Ion
exchange resins IRA-67 (Aldrich) were regenerated before use with NH3 2N. Water
was distilled and deionized with a Millipore Milli-Q water purification system.
Cellulose dialysis tubing (no. 6) from Spectrum Laboratories mc, had molecular
weight cut-off of $000.
2.1.2 Synthesis of polyoxyethylene (20) cetyl ether tosylate1’2
To a solution (cooled in an ice-sait bath) of Brij-58® (6.06 g, 5.40 mmol) in 45 mL of
dry CH2C12 were added Me3N hydrochloride (266 mg, 2.7$ mmol) and TEA (1.5 mL,
1.10 g, 10.83 mmol), under nitrogen. Then a solution of p-toluenesulphonyl chloride
(1.59 g, 8.34 mmol) in 15 mL of dry CH2CI2 was added dropwise over a period of 10
min. The solution was stiffed at ca. O °C ovemight. To the reaction mixture was
added water (twice, 100 mL), the two phases were separated and to the organic layer
was added IRA-67. The slurry was kept (without stirring) at room temperature for 1
h. Filtration and then extraction with water (twice, 5OmL) yielded a white product
(with a low melting point) (5.5 g; yield = 81%; purity = 85 %). ‘H-NMR (CDCI3, E)
0.9 (t, 3 H), 1.2 (b s, 26 H), 1.6 (quint, 2 H), 2.5 (s, 3 H), 3.4 (t, 2 H), 3.5-3.8 (m, 7$
H), 4.1 (t, 2 H), 7.3 (d, 2 H), 7.8 (d, 2 H).
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Similarly, tosylation of Brij-56® and Brij-78® was performed.
2.1.3 Synthesis of HPC-g-poiyoxyethylene (20) cetyl ether
To prepare the sample with higher Brij-58® content, DMSO was used as solvent
reaction. To a solution of HPC (1.02 g) in 30 mL of DMSO, under nitrogen, was
added a suspension of NaH (400 mg, wt 60% dispersion in ou, washed twice with dry
hexanes) in 30 mL of DMSO. The reaction was stirred mechanically at room
temperature for 1 h, and then a solution of Brij-5$®-Tos (476 mg, purity 85 %) in 20
mL of DMSO was added drop wise over a period of 15 min.
The reaction was stirred at room temperature for two days. A yeliow solution was
formed. To the reaction mixture 100 mL of water were added and the excess of base
was neutralized with diluted HCI (5 mL, 2 M), and it was extracted with 300 mL of
CH2CI2. The two phases were separated and dialysed extensively (SpectralPor® 6
membranes, MWCO 2.000).
The organic layer was freeze-dried and the crude product (1,24 g) was purified
through soxhiet extraction with 500 mL of n-hexanes for 1 day. The final product
was dried in vacuo for 24 h to yield 1.06 g of a white amorphous solid (purification
yield = 85%). 1.04 g of pure product were solubiiized in 50 mL of water; the
suspension was then fiitered with 0.2 im Whatman filters. The filtrate was freeze
dned to yieid 713 mg of product. By 1H-NMR, the Brij-58® content was found to be
3.9 mol% (ail signals were normalized to the HPC anomeric proton signai); (DMSO
c16, 3)1.2 (s, 1.0 H), 4.4 (b, 1 H).
Samples with lower Brij-5$® content were prepared using tetrahydrofuran (THF) as
soivent, and similarly, HPC-g-POE10C16, and HPC-g-POE20C18 with various moiar
contents were synthesized using both TUF and dimethylformamide (DMF).
1H-NMR spectra were recorded at 400 MHz with a Bmker Avance-400 spectrometer.
Spectra were run in chloroform-d containing 1 % v/v Me4Si as internai standard, and
in methyi sulfoxide-d6.
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2.1.4 GPC (Gel Permeation Chromatography) analysis
The purity of the HM-po!ymers and their molecular weight was ascertained by using
a refractive index detector for GPC analysis. The GPC instrument was equipped with
a Waters 510 NPLC pump, a differential refractometer (Waters 410) and a tunable
absorbance detector (Waters 486). The mobile phase was THF, previously degassed.
The columns (TSK-GEL Aipha-Guard, 6.0 mm x 4.0 cm, 13 mm; TSK-GEL Alpha-
M, 7.8 mm x 30 cm, 13 mm; TSK-GEL Alpha-3000, 7.8 mm x 30 cm, 7 mm) were
thermostatted at 40 °C; the flow rate was 0.5 mL/min and the injection volume 30
mL; the UV wavelength was 254 nm and the analysis time was 60 min. The samples
were prepared by dissolving HIVI-polymers, POEnCm and HPC separately at a
concentration of 2.5 mglmL. GPC technique cannot detects littie differences of
molecular weights: due to the low percentage of substitution, the HN/1-polymer
chromatograms were flot expected to change from HPC ones; for the grafted
polymers we observed the same molecular weight of HPC (80.000).
2.1.5 Steady-state fluorescence
Pyrene was used as the hydrophobic fluorescent probe (99 %, Aldrich); it was
purified by repeated crystallization from absolute ethanol and subsequent
sublimation. Measurements were canied out at room temperature on a Fluorolog-3
Mode! FL3-11 contro!!ed by DataMax for Windows® software. Emission spectra
were recorded at Xex = 333 nm. Excitation was carried out at 2em = 390 nm. Emission
and excitation slits were set at 0.5 mm and 1.0 mm, respectively. From the pyrene
excitation spectra, the ratio 1336 /1333 was analysed as a function of concentration of
the po!ymer solution. Values for critical aggregation concentration were determined
from the onset of the plot for 1336 / 1333 changes (see Resuits, pag.38).
Stock solutions of HPC-g-POE10C16, HPC-g-POE20C16 and HPC-g-POE20C18, with
different MS (Table I, chapter 3), were prepared at room temperature by dissolving
the polymer in pyrene-saturated Mil!i-Q water, previously filtered to remove pyrene
microcrysta!s3. It is desirable to achieve molecular solubilization of pyrene in the
31
given system, i.e. conditions where pyrene groups do flot exist as dimersa or
aggregates4. The solutions were allowed to equïlibrate for 24 h. HM-polymer
solutions of vanous concentrations were obtained by dilution of the stock solution in
pyrene-saturated Milli-Q water. Solutions for the analyses were prepared 24 h before
spectroscopic measurements.
The critical aggregation concentration (cac) was obtained from the analysïs of the
fluorescence excitation spectra of pyrene. With increasing concentration of the HM
polymer, a red shift was observed in the excitation spectrum; that is, the (0,0) band of
pyrene shifted from 333 nm (in pure water) to 336 nm in the presence of the polymer
(Figure 2.1) at a concentration higher than cac.
1 .E*07
1 .L*07
‘ 8.E*06
6.E*06
U
2E-t-06
0.E+00
Figure 2.1 Change in the fluorescence characteristic of pyrene as a function of HPC
P0E20C18 (MS 3.1 mol%) concentration, below (Â) and above (.)the cac.
The ratio 11/1111 of the first (371 nm) and the third (382 nm) vibronic peaks of the
fluorescence emission spectrum of micelle-solubilized monomeric pyrene was also
determïned. It provided an estimate of the polarity sensed by pyrene in its micellar
solubilization site (Figure 2.2).
An excimer, as defined by Birks, is a dimer which is associated in an electronic excited state and
which is dissociated in its ground state. The formation of a pyrene excimer requires the encounter of
an electronically excited pyrene with a second pyrene in its ground electronic state. According to this
definition, the two pyrenes must be sufficiently far apart when light is absorbed, so that the excitation
is localized on one of them; Birks, J. B. Rep. Prog. Phys. 1975, 38, 903
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Figtire 2.2 Emission spectrum of pyrene in pure water with the labelled peaks Ii and
III’.
2.1.6 Dynamic Light Scattering
The hydrodynamic diameter of vanous HPC-based polymenc micelles in aqueous
solution (5 mg/mL) was evaluated by dynamic laser light scattering (DLS) using a
Brookhaven system with an uniphase Blue laser at wavelength of 532 nm and a
scattering angle of 90 0 AIl measurements were performed in triplicate at 25 °C; the
data presented are the mean ± SD (Standard Deviation).
2.1.7 Microcalonmetry
A VP-differential scanning calorimeter from MicroCal (Northampton, MA) was
used. The volume of the cell was about 0.52 n±. Samples for cloud point and
microcalorimetric measurements were prepared by dilution of 10 mg of HPC-g
P0E10-C16, HPC-g-POE20-C16 and HPC-g-POE20-Cis, with different molar
substitutions, in 2 mL of Milli-Q water, at room temperature (microcalorimetric
technique is very sensitive to sample concentration; after several trials, the sample
concentration that gave the best endotherm was SmgImL). Samples were degassed
and transferred to the sample celI with a calibrated synnge. Milli-Q water was
similarly placed in the reference ce!!. Samples were heated at 30 °C/hr starting from
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20 oc up to 80 °C. Four scans were done for each analysis. Baseline subtraction and
normalization with respect to the scan rate and mM concentration were performed,
yielding the temperature-dependent molar heat capacity, cp.
The molecular weight of the anhydroglucose unit conesponding to MS = 3.7 is 3775•
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CHAPTER 3
3.1 Resuits and Discussion
Hydrophobically modified (HM)-HPC, namely HPC-g-POEnCm, was prepared in a
two-step reaction from the tosylate of the comniercially available POEnCm via
elimination of the tosyl group by the aikoxide sites formed in the HPC backbone in
the presence of a strong base (NaH).
GPC technique is the most widely used method of determining the molecular weight
distribution. Separation is accomplished on a column (or a set of columns), packed
with gels, which become porous upon swelling that separates the polymer molecules
according to size. Separation is based on the hydrodynamic volume of the molecules
rather than on the molecular weight. Small molecules are able to diffuse into the
pores of the column packing more efficiently, and hence they travel through the
columns more slowly: higher molecular weights fractions arc thus eluted fïrst.
In a number of molecules the absorption of a photon can be traced to the excitation of
the electrons of a small number of atoms. Groups of this kind are called
chromophores (from the Greek for “color bringer”). Since POEn-Cm chains have not
chromophores, to detect them was necessary to use a universal detector, e.g. the
refractive index detector; in that way the punty of the HM-polymers, i.e. the absence
of POE-C11 residue, was demonstrated.
Solvent choice was based on the Hydroxypropyl cellulose properties; in fact it is
soluble in several organic solvents (e.g. THF) as well as in water. For each HIVI
polymer, as well as for HPC and POEnCm series, we run expenment twice
discovenng a naiow distribution for HPC samples and a similar behaviour for HM
polymers. As we said earlier GPC technique cannot detects small differences of
molecular weights, thus for the grafted-polymers we observed the same molecular
weight of HPC. In ail cases reproducible traces were obtained with THF solvent
(traces flot shown).
1H-NMR spectra were used both to ascertain linldng of Bnj® to the polymer
backbone and for a quantitative determination of the level of its incorporation on the
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where la is die average integral of the aliphatic protons [(CH2)m3] of the POEC1
chain and the theoretic number cf protons assigned to that signal (i.e. 26 for
POE,0C,6 and POE20C,6; 2$ for P0E20C18) (see spectrum 9 for more details).
Anomeric H20
DMSO
41 40 16 3.2 2.0 21 20 I 6 1.2 18
ppm
Figure 3.1. ‘H-NMR spectra of Brij-5$®, HPC and HPC-POE20C,6; the former in
CDCI3 and the others in DMSO-d6.
The synthesized HIVI-polymers and their respective MS degrees are summarized in
polymer. Signais due exclusiveiy to either the resonance of Bnj® aiiphatic protons or
to the HPC anomeric proton were identified”2, as iliustrated in Figure 3.1. The singlet
at ca. 1.2 ppm was attributed to the resonance of the aliphatic protons of the Brij®
chaïn, while the broad signal at 4.5 ppm was assigned to the resonance cf the HPC
anomenc proton.
MS (molar substitution) is defined as the average number of moles cf reactant
combined per mole cf sugar unit”3. The MS cf HPC-g-POEnCm was calculated using
the formula4:
Aliphatic
protons from
POEC111 chain
POE,C6
Pc
HPC-g-P0E20C16
Table I.
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3.1.1 Fluorescence
Fluorometnc measurement with a hydrophobic probe is a powerful method to
investigate organized assemblies, since fluorescence of dyes, solubilized into the
hydrophobic region reflect sensitively the change in the microenvironment58. The
relatively long lifetime of the pyrene excited single state and its strong affinity for
hydrophobic regions has prompted its use as a fluorescent probe for the hydrophobic
regions of micelles and other biological macromolecules9’1; its partitioning in the
hydrophobic microdomain causes changes in photophysical properties.
Usually, these changes accompany the transfer of pyrene molecules from a water
environment to the hydrophobic micellar cores and thus they provide information on
the location of the pyrene probe in the system.
A probe molecule may be adsorbed to the surface of the micelle or, altematively, it
may be solubilized in the hydrocarbon core. Several studies provide useful
information on the location of the dye in the micelle and, one of these makes use of
the effect of the environment on the spectral properties of probe molecules. Pyrene
itself shows a fluorescence with distinct vibrational structure (Figure 3.2), thus the
hifi hand ratio can be used to gain some measure of the polanty of the probe
environment into these micelles. Due to changes in the local polarity, the vibrational
structure of the pyrene monomer emission spectrum changes upon the formation of
polymeric micelles, this is known as the Ham effect’2
The same phenomenon can be studied with fluorescence excitation spectra, in fact
increasing polymer concentration in an aqueous solution of pyrene, a shift of the
band from 333 nm to 336 nm can be observed (Figure 3.3).
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Figtire 3.2 Emission spectra of pyrene in aqueous solutions of NPC-g-POE20-Ci6 (ca.
3.9%) at different polymer concentrations [pyrene in pure water (u), HM-polymer
0.006mg/mL t.), HM-polymer 0.6 mglmL (Â)]. 2ex= 333nm
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Figure 3.3 Excitation spectra of pyrene in aqueous solutions of HPC-g-POE20-C18
(ca. 3.1%) at different polymer concentrations [HIvI-polymer 0.006 mglmL (u), HM
polymer 0.6mgImL (.), HM-polymer 0.06 mg/mL (Â)]. 2em= 390nm
Plotting the hifi band intensity ratio of pyrene monomer versus the dependence of
the logarithm of the concentration, it was found that, below the critical aggregation
concentration, there are no micelles present in the system and the pyrene fluorescence
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spectrum corresponds to that in pure water, with an 1p1ij ratio of about 1.7 - 1.8. As
the polymer concentration increases above the cac, pyrene is progressively
soiubilized into the hydrophobic interior, as indicated by the drasticaliy decreased
I,/Iii ratio in the intermediate region of polymer concentration. The 11/1111 values of
about 1.20 for the higher concentration regions of the polymer indicate that the
location of the pyrene probe is primarily in the nonpolar environment of the micellar
core.
Different methods can be used to determine the CAC values’3: the true onset of
aggregatÏon is a rather delicate problem because the change in fluorescence signal
can be influenced not only by polymer association but also by the partition of the
fluorescence probe between the aqueous and the hydrophobic phases’4, since the
micelle is characterized by regions of different polanty.
One approach is to fit the ‘336/ 1333 ratio (or the I,/I,, ratio) versus log C plot to a
sigmoidal curve; CAC was taken as the intersection of the horizontal tangent through
the points at the lowest polymer concentration with the tangent to the fitting curve at
the inflection point (dashed une in Figures 3.4 and 3.5).
1.8-
1.7-
1.6-
1.5-
1.3-
1.2-
1.1—
Figure 3.4. Plots of pyrene intensity ratio 1,/1,,, as a function of HM-polymers
concentration. (.) HPC-POE,0C16 4.7 mol%, (.) HPC-POE,0C,6 5.4 mol%, (Â)
HPC-POE,0C,6 0.9 mol%; for ail cases, as the polymer concentration increases above
the cac, the I/I,,, ratio decreases.
lE-3 0.01 0.1 1 10
Log C (mglmL)
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Figure 3.5. Plots of pyrene intensity ratio ‘336/1333 as a function of HIVI-polymers
concentration. t.) HPC-P0E20C18 3.1 mol%, (.) HPC-P0E20C13 1.1 mol%, (Â)
HPC-P0E20C16 1.1 mol%; the arrow shows the CAC value for HPC-P0E20C18 1.1
mol% sample.
Polymer composition
HPC-g-P0E10-C16
HPC-g-P0E10-C16
HPC-g-POE 10-Ci6
HPC-g-POE,0-C16
HPC-g-POE,0-C16
HPC-g-P0E20-C18
HPC-g-POE0-C13
P0E10-C16
P0E20-C1
POE,0-C18
cac
MS
b
Polymer concentration (mg/L)
(mol b) Onset Middle point Offset
0.9 94 ± 2.8 428 ± 9.2 1850 ± 3.5
4.7 16 ± 0.1 78 ± 0.7 328 ± 3.5
5.4 22±0.7 81±4.2 300±6.4
1.1 82 ± 2.1 334± 2.1 1313 ± 17.7
3.9 18 ± 0.3 79 ± 0.4 324 ± 7.1
1.1 153±2.1 657±0.1 2618±35.4
3.1 27±0.1 113±5.7 502±7.8
100 5.1±1.0 - -
100 5.0±0.6 - -
100 4.1 ±0.6 - -
Particles
diameter (nm)
85 ± 2
80 ± I
66 ± 2
90 ± 0.5
78 ± 0.8
85 ± 0.8
83 ± 2
Table I. CAC values and partïcle mean diameters of aqueous solution of HPC
POEnCm; b Determined by ‘H-NMR measurement in DMSOd6,c Determined by
change in ‘336 nm /1333 nm ratio of pyrene fluorescence with 10g polymer
concentration at 25 oc.
Log C (mg/L)
n
n
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The CAC values (Table I) range from 16 to 150 mg/L. For the three series of HM
polymers, indicates that the increase in the HPC molar substitution is accompanied
by a decrease in the CAC value. For example, HPC-g-POE10C16 with a molar
substitution of 5.4 mol% shows a CAC of 22mgfL, while that of HPC-g-POE,0C,6
0.9 mol% is 94 mg/L; HPC-g-POE20C16 1.1% has a CAC of 82 mg/L whïle the one
with 3.9% has CAC of 18 mg/L; finally, HPC-g-POE20C,s behave in the same way.
That agrees with the theory that wants a lower CAC value as the hydrophobic moiety
enhances’5’7.
Furthermore, in alkylpoly(ethylenoxide) micelles the position of the probe is
probably more widely distributed, ranging from the a-CH2-group of the hydrocarbon
core to quite peripheral positions in the —(OCH2CH2)-OH mantle’8; that could
explain why for NPC-g-POE10C16 (0.9 mol%) and HPC-g-POE20C16 (1.1 mol%) we
found almost the same CAC value 94 mg/L and 82 mg/L respectively, meaning that
the POE chain length has flot significant affect on the partitioning of pyrene in the
micelles.
On the other hand, the major contributing factors to the depression of the CAC may
be (1) the hydrophobic interaction between the alkyl chains, which is the main
driving force; (2) specific interactions and attractions between the NIVI-polymer
segments’9: in fact the associative tendency (i.e. hydrophobic strength) govems also
the ability to form network structures. As a resuit, is very difficult to explain such
little differences in the HI\4-polymer CAC trend, and more studies should be
performed.
To better illustrate the hydrophobicity trend, the dependence of 1336/1333 ratio was
plotted against the moles of Brij® per litre of aqueous solution of HM-polymers, and
corresponding CAC values were determined with the method previously described
(Figure 3.6 and Table II).
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(D
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Polymer composition MS (mol%)
HPC-g-POE10-C16
HPC-g-POE10-C16
HPC-g-POE10-Cis
HPC-g-POE20-C16
HPC-g-POE20-Cis
NPC-g-POE20-Cjs
HPC-g-POE20-C18
Onset conc. (mmoles
of POEnCmfl-)
0.24±0.1
0.21 ± 0.0
0.31 ± 0.0
0.25±0.1
0.18 ± 0.0
0.47 ± 0.1
0.21 ± 0.1
Table II. Hydrophobic content in HIVI-Polymers expressed as mmoles of POEnCm
per litre of solution
We highlight an anomalous behaviour between HPC-g-POE10-C16, HPC-g-POE20-Ci6
and HPC-g-POE20-C18 series: in the first case the trend is opposite and the CAC
value increases as the hydrophobic percentage increases.
1.2
1.6
1 .4
0.8
0.6
1.0•
lE-6 16-5 lE-4 lE-3 0.01 0.1
Log C (mmoles POEnCm/L)
C) Figure 3.6. Plots of pyrene intensity ratio 1336/1333 as a function of mmol POEnCm per
litre of solution. (.) HPC-P0E20C18 3.1 mol%, (Â) HPC-P0E20C18 1.1 mol%, (.)
HPC-P0E20C16 1.1 mol%.
n
0.9
4.7
5.4
1.1
3.9
1.1
3.1
n
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It can be concluded that, in general, the partitioning of pyrene in the micelle is
determined mainly by the molar substitution of the HM-polymer.
3.1.2 Dynamic Light Scattering
Compared with other type of carrier systems, the polymenc micelles possess several
benefits20’2’ including their size, which is approximately from 20 to 100 nm. This
range of diameter is smaller than typical diameter of liposomes and nanospheres. The
smaller carrier systems are expected to show the higher vascular permeability at
target sites by a diffusion mechanism. furthermore, they have the potential to
decrease RES (reticuloendothelial system) uptake because the diameter ranges (less
than ca. 100) are considered smalÏ enough to evade non-specific capture by RES. If
they are administered intravenously, their size may be advantageous for
extravasations, which should be an essential process for the carrier to reach the target
located outside of the capillaries.
The size distribution of HPCPOEnCm micelles measured by DLS showed a narrow
monodisperse size distribution with the average diameter less than 90 nm, Table I.
3.1.3 Microcalorimetry
Lower cnticaÏ solution temperatures (LCSTs) are found in many polymer solutions
characterized by strong hydrogen bonds22. The formation of hydrogen bonds between
solutes and solvents lowers the free energy of solution; however, the specific
molecular orientations required by these bonds leads to negative entropy changes and
positive contributions to free energy. This phenomenon is particularly important in
aqueous media where a further negative entropy change is contributed by the
hydrophobie effect. When the temperature of a NIVI-polymer solution is raised above
the LCST, negative entropy dominates the otherwise exothermic enthalpy of the
hydrogen bonds formed between the polar groups and water molecules, i.e. the initial
driving force for dissolution. Thermal destruction of the specific water orientations
around hydrophobic polymer regions facilitates polymer-polymer associations by
hydrophobic interactions, resulting in polymer precipitation23. Copolymers exhi biting
LCST behaviour have been investigated for applications such as controlled drug
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delivery and solute separation. An important and useful feature of thermosensitive
polymers is the possïbility of controlling theïr LCST by vanous means, in particular
by varying the copolymer composition.
HPC is a well-known water-soluble polymer, showing reversible hydration
dehydration changes in response to a small solution temperature change. The LCST
of HPC in water is known to be ca. 47°C. Several hypotheses to explain HPC
behaviour in aqueous solution have been suggested2426.
However, the mechanism of the temperature-induced phase separation and the
influence on the LCST are flot fully understood. In general, the incorporation of
hydrophobic elements lowers the ctoud point as would be expected from its
decreasing hydrophilic character27.
The specific role of molar substitution was examined (Figure 3.7). The temperatures
at the maxima of the DSC endotherm were refened to as the LSCT’s of the WVI
polymers. The change in LCST was found to be proportional to the MS content. The
increase in LCST was the largest for the HPC-P0E20C16 3.9 moÏ% foÏÏowed by the
HPC-P0E20C18 3.1 mol%, while the highest hydrophobic substitution in HPC
P0E10C16 5.4 mol% caused a decrease in the LCST (Table ifi).
It is generally accepted that LCST behaviour is caused by a critical
hydrophilic/hydrophobic balance of polymer side groups. For HPCPOEnCm the HPC
is the hydrophilic element and POEnCm are the hydrophobic groups. At low
temperature the strong H-bonding between the hydrophilic groups and water
outweighs the unfavourable free enetgy related to the structure of water around
hydrophobic groups, leading to good solubility of polymer in water. At increasing
temperatures, H-bonding weakens, while hydrophobic interaction between
hydrophobic side group increase. Above the LCST, interactions between
hydrophobic groups become dominant, leading to an entropy-driven polymer
coÏÏapse and phase separatÏon28. Our resuits agree with thïs theory only for the
P0E10C16 kind of hydrophobic element, in fact P0E10C16 0.9 ¾ and P0E10C16 5.4 %
have 46.7 °C and 46.1 °C of cloud point, respectively (Figure 3.7). In the other two
cases the HM-polymers with the highest molar substitution show an opposite trend
and for HPC-P0E20C16 3.9 mol% and HPC-P0E20C18 3.1 mol% the LCST are higher
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than that of HPC, 51.9 oc and 49.3 oc respectively. A possible explanation for this
anomaly could corne if we consider that the phase separation is dnven by a reduced
amount of structured water around hydrophobic groups with increasing temperature,
which resuits in increased hydrophobic interactions between polymers29. POE20Ei6
and P0E20C18 have a hydrophilic chain length double than that of POE0E16 thus, it is
possible that strong H-bonding between that chains and water are predominant with
respect to the hydrophobic intermolecular interactions leading an increase LCST; but,
as we said before, the LCST behaviour is caused by a critical
hydrophilic/hydrophobic balance of polymer side groups.
Furthermore, the heat of transition (AH) differs significantly from one sample to
another: an increase in substitution results in a decrease of heat flows and a
broadening of the endotherrn. Some authors attribute the AH value to the breakage of
hydrogen bonds between water molecules and polymer’s functional groups30. Some
others attribute the heat of transition to the destruction of water-water hydrogen
bonds in the hydrophobic hydration shell22’31. At the moment we have no good
explanation for this behaviour and further studies are in progress.
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Figure 3.7. Microcalorimetric endotherm of aqueous solution of HPc-POE10c16 with
different MS. (.) 0.9 moÏ%, (V) 4.7 mol%, (.) 5.4 mol%. 30 °cihr from 20 °c to 80
°c.
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FWC
HPC-g-POE10-C16
HPC-g-POE10-C16
HPC-g-POE10-C16
HPC-g-POE20-C16
HPC-g-P0E20-C16
HPC-g-POE20-C18
HPC-g-POE20-Cis
o 47.9±0.1
0.9 46.7 ± 0.1
4.7 46.6±0.1
5.4 46.1±0.1
1.1 47.3 ±0.1
3.9 51.9±0.3
1.1 48.0±0.1
3.1 49.3±0.1
2.1 ± 0.2
1.9 ± 0.1
0.73 ± 0.1
0.41 ± 0.1
2.4±0.0
0.67 ± 0.0
3.5±0.0
0.46±0.1
n
C)
Table III. Cloud points and heats of transition (AH) of aqucous solutions of HIVI
polymers; aexperjmeflt performed in triplicate and then calculated the SD.
MS cloud point AHPolymer composition (mol %) (OC)a (Kcal/mol)a
n
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CHAPTER 4
4.1 Conclusions
In recent years, there have been growing interests in macromolecular micelles in
aqueous media. This is flot only because of their photochemical and biological
relevance but also because of their potential importance in application in drugs,
coatings, paints, ou recovery, and flocculation of water waste and personal care
goods.
As described in the introduction, polymeric micelles have advantageous features
summanzed as a) highly hydrated polymeric micelle outer sheil that can ïnhibit
intermicellar aggregation of the hydrophobic inner cores; consequently, they
maintain their water solubility irrespective of the high content of the hydrophobic
drug inside the inner cores; b) polymenc micelle size is usually less than 100 nm,
which prevents non-selective scavenging from the RES; c) stability and siower
dissociation; d) protection of the incorporated drug from the aggressive conditions
present in the gastrointestinal tract.
This work mainly featured the modification of hydroxypropyl cellulose with long
chains POECm. The balance between the stability and the solubilizing power of the
micelle is quÏte important; thus, a rationale project was required for the structural
design of the inner core segment in terms of length, chain mobility, the nature of
cohesive forces and biocompatibility
The project resulted in a promising new class of synthetic nonionic water-soluble
polymers with a suitable hydrophilic/hydrophobic balance for the formation of
micelle structures in water. These grafted copolymers are typically several tens of
nanometres in diameter with a relatively narrow size distribution, and are therefore
similar in size to viruses, lipoproteins, and other naturally occurnng transport
systems. FUvI-polymers have been charactenzed from a chemical and physical point
of view by ‘H-NMR, GPC, fluorescence spectroscopy and DSC techniques. The
molar substitution was estimated to be in the range of 0.9 % - 5.4 %.
The synthesized UM-polymers exhibit a strong tendency to seif-associate via inter or
intrapolymenc interactions of the hydrophobic side chains: the cohesive interactions
for micelle formation include hydrophobic interaction, ionic interaction. and
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hydrogen bonding. Exploiting emission and excitation spectra of pyrene, micelle
formation was followed and the cntical aggregation concentrations were determined
to be in the fange of 16 — 150 mg/L; it was found that they are highly dependent on
the increased hydrophobic character.We confirmed that the cntical micelle
concentration increases as the relative length of the less soluble block decreases, and
as the solubility of the head group increases.
Polymenc micelles are expected to retain water solubility even when diluted at body
tempefature: microcalorimetry has been successfully applied to study the LCST of
the polymers in aqueous media proving their solubility at 37 °C. The experimental
resuits indicate that temperature-induced phase separation of solutions of LCST
polymers are mainly dnven by increased interactions between hydrophobic moieties
on the polymers, caused likely by a reduced structuring of water around hydrophobic
polymer side groups (decreased stabilization of hydrophobic groups in water) with
increasing temperature. Changes in LCST caused by the incorporation of long-chain
POEnCm are due to changes in overali hydrophilicity of the polymer; in fact the HPC
functionalization with a larger fraction of hydrophobic moieties enhances association
in water leading to a cloud point temperature decrease.
The mean diameter of polymeric micelles was found to be less than 90 nm, thus
stable aqueous dispersions of these HM-polymers presents potential for a versatile
administration route.
This thesis focused on the chemical and physical characterization of the 1-JIVI-
polymers. In parallel to this, another study was performed to exploit the solubilizing
potential of hydroxypropylcellulose-g-polyoxyethylene aikyl ether polymeric
micelles towards poorly water soluble-drugs, and improve their oral bioavailability:
Cyclosponn A (CsA), a poorly water immunosuppressant, was selected as model
drug.
CsA Ïoading into FWC-g-(POE)nCm polymeric micelles was significantly larger than
in unmodified HPC. It increased with increasing number of POEnCm units grafted per
HPC chain. On the cellular level, unmodified HPC showed no cytotoxicity, while
free POEnCm nolecules inhibited cell growth. Most importantly, the study revealed
that HPC-g-POEnCm exhibïted no signïficant cytotoxicity effect1.
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Fltio 1. Plots of pyrene intensity ratio 1333/1336 as a function
concentration: (.) HPC-P0E20C16 3.9%, (.)HPC-P0E20C16 1.1%.
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Fluo 2. Plots of pyrene intensity ratio 1333/1336 as a function of HfVI-polymer
concentration: (.)HPC-P0E20C18 3.1%, (.)HPC-P0E20C18 1.1%.
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DSC 1. Microcalonmetnc endotherms of aqueous solution of HPC-P0E10C16 with
different MS. (.) 0.9 rnol%, (V) 4.7 mol%, (u) 5.4 mol%. 30 °C/hr from 20 oc to
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DSC 2. Microcaloiimetnc endothemis of aqueous solution of HP-PE2o16 with
different MS. (.) 1.1 mol%, (Â) 3.9 rnol%, 30 °C/hr from 20 oc to 80 °c.
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DSC 3. Microcalorimetric endotherms of aqueous solution of FIPC-P0E20C18 with
different MS. (.) 1.1 mol%, (Â) 3.1 mol%, 30 °C/hr from 20 oc to $0 °C.
